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@  Removal  of  surface  multiples. 

@  In  a  method  of  removing  multiple surface  reflection  events 
from  seismic  data,  pairs  of  real  seismic  traces  having  end 
points  in  common  with  a  trace  being  analyzed  are  convolved 
with  one  another  to  yield  synthetic  multiple  traces  having  real 
components.  All  possible  combinations  of  real  traces  are  thus 
convolved.  These  are  then  stacked  to  yield  the  synthetic  multi- 
ple  trace  having  the  shortest  total  travel  time,  which  is  the 
synthetic  multiple  trace  corresponding  to  the  actual  multiple 
reflection  event  recorded  as  part  of  the  real  trace  being  ana- 
lyzed.  The  stacked  synthetic  multiple  trace  can  then  be  sub- 
tracted  from  the  real  trace  under  analysis  to  yield  a  multiple- 
free  seismic  record  for  further  processing. 



This  i n v e n t i o n   r e l a t e s   to  a  method  of  removing  u n w a n t e d  

m u l t i p l e   r e f l e c t i o n   even ts   which  obscure   t rue   s e i smic   even t s   in  s e i s m i c  

e x p l o r a t i o n   r e c o r d s .  

A  common  p r a c t i c e   in  the  e x p l o r a t i o n   for  o i l ,   gas  and  o t h e r  

v a l u a b l e   m i n e r a l s   is  to  perform  s e i smic   e x p l o r a t i o n   in  which  an  

a c o u s t i c   wave  is  impar ted   to  the  ea r th   ( i n c l u d i n g   the  sea)  at  or  n e a r  

the  s u r f a c e .   The  wave  t r a v e l s   i n to   the  e a r t h   and  r e f l e c t s   a t  

b o u n d a r i e s   between  l a y e r s   of  m a t e r i a l s   of  d i f f e r i n g   a c o u s t i c  

impedance.   The  r e f l e c t e d   waves  t r a v e l   upwardly  and  may  be  d e t e c t e d   a t  

or  near  the  s u r f a c e . b y   p l u r a l i t i e s   of  mic rophones .   The  s i g n a l s   o u t p u t  

by  the  microphones   can  be  ana lyzed   to  de te rmine   the  time  of  t r a v e l   o f  

the  a c o u s t i c   wave  from  the  source   to  t h e  m i c r o p h o n e ,   and  used  t o  

g e n e r a t e   a  r e p r e s e n t a t i o n   of  the  e a r t h ' s   s u b t e r r a n e a n   s t r u c t u r e .   The 

r eco rded   s i g n a l ,   r e f e r r e d   to  as  a  s e i smic   " t r a c e " ,   can  be  i n t e r p r e t e d  

by  s k i l l e d   pe r sons   to  i d e n t i f y   l i k e l y   l o c a t i o n s   for  d e p o s i t s   of  o i l ,  

gas  and  o the r   v a l u a b l e   m i n e r a l s .  

One  problem  which  has  p lagued  t h i s   s e i smic   e x p l o r a t i o n   a r t  

s ince   i t s   i n c e p t i o n   is  the  f ac t   t h a t   the  a c o u s t i c   waves  t r a v e l   in  a l l  

d i r e c t i o n s   in  the  e a r t h ,   r e s u l t i n g   in  numerous  r e f l e c t i o n s   b e i n g  

r e c o r d e d .   For  example,  in  the  ocean  e x p l o r a t i o n   case ,   the  wave  may 
t r a v e l   f i r s t   downwardly  towards  the  ocean  bot tom,   up  again  towards  t h e  

s u r f a c e ,   be  r e f l e c t e d   back  down  toward  the  bottom  and  r e f l e c t e d   a g a i n  

be fo re   being  r e c e i v e d   at  a  microphone  or  "hydrophone . "   Such  a  wave  i s  

c a l l e d   a  " s u r f a c e   m u l t i p l e "   because   i t   r e aches   the  s u r f a c e   twice  in  i t s  

path  from  the  source   to  the  r e c e i v e r .   Su r face   m u l t i p l e s   a l so   o c c u r  

when  the  wave  t r a v e l s   f i r s t   in to   the  sea  bed,  r e f l e c t s   from  an 

i n t e r f a c e   between  rock  l a y e r s   of  va ry ing   a c o u s t i c   impedance,   t r a v e l s  

back  upwardly  to  the  s u r f a c e ,   back  downwardly  to  the  sea  bottom  o r  

again  to  an  i n t e r f a c e   between  rock  l a y e r s   of  va ry ing   impedance,   a n d  

only  then  up  to  the  sou rce .   This  too  is  r e f e r r e d   to  as  a  s u r f a c e  

m u l t i p l e .   M u l t i p l e s   a l so   occur  where  the  wave  is  r e f l e c t e d   w i th in   a  

given  rock  l a y e r   a  p l u r a l i t y   of  t imes  be fo re   being  r e c e i v e d . a t   t h e  



s u r f a c e .   These  m u l t i p l e s ,   however,  are  not  c o n s i d e r e d   s u r f a c e  

m u l t i p l e s .   I t   is  found,  however,  t h a t   the  s u r f a c e   m u l t i p l e s   c o n s t i t u t e  

most  of  the  m u l t i p l e s   which  obscure   t r ue   s e i smic   even t s   in  the  r e c o r d e d  

hydrophone  ou tpu t   s i g n a l ,   or  " t r a c e . "   M u l t i p l e s   can  thus  be  c o n s i d e r e d  

as  unwanted  "no i se"   in  the  s e i smic   r e c o r d ,   s ince   they  obscure   t h e  

s e i s m i c   even t s   of  i n t e r e s t .   A c c o r d i n g l y ,   i t   has  for  a  long  time  been  a  

wel l   r e c o g n i z e d   need  of  the  a r t   to  p rov ide   an  e f f e c t i v e   method  f o r  

removing  s u r f a c e   m u l t i p l e s   from  the  s e i smic   r e c o r d .  

Var ious   p r i o r   a r t   methods  have  been  s u g g e s t e d   for  removal  o f  

s u r f a c e   m u l t i p l e s   from  r eco rded   t r a c e s .   I t   has  been  noted,   f o r  

example,   t h a t   the  t r a v e l   time  for   a  s u r f a c e   m u l t i p l e ,   the  path  of  which  

i s   e n t i r e l y   in  the  water  dur ing  an  o c e a n o g r a p h i c   e x p e d i t i o n ,   is  a  

f u n c t i o n   of  the  " o f f s e t " ,   i . e . ,   the  d i s t a n c e   between  the  source   and  

r e c e i v e r ,   and  the  number  of  t imes  the  m u l t i p l e   r e f l e c t s   from  t h e  

s u r f a c e .   For  example,  i f   the  m u l t i p l e   r e f l e c t s   from  the  s u r f a c e   o n c e  

b e f o r e  b e i n g   r e c e i v e d   by  the  microphone  and  the  o f f s e t   is  zero ,   t h e  

m u l t i p l e ' s   t r a v e l   time  is  e x a c t l y   twice  t h a t   of  the  p r i n c i p a l   waves .  

This  f a c t   has  been  used  in  v a r i o u s   schemes  to  remove  m u l t i p l e s .  

Other  methods  i nvo lve   complex  ray  t r a c i n g   schemes  which  

g e n e r a t e   a  s y n t h e t i c   m u l t i p l e   wave  and  s u b t r a c t   i t   from  the  a c t u a l   wave 

to  o b t a i n   a  supposed ly   m u l t i p l e   f ree   r e c o r d .   However,  these   me thods  

are  very  awkward  in  t h a t   they  r e q u i r e   s i g n i f i c a n t   knowledge  of  t h e  

subsea   s t r u c t u r e   as  wel l   as  the  ocean  bottom  c o n f i g u r a t i o n   be fo re   t h e  

s y n t h e t i c   wave  can  be  g e n e r a t e d .   S i m i l a r   s y n t h e t i c   m u l t i p l e s   can  b e  

g e n e r a t e d   us ing  more  a c c u r a t e   methods  not  d i r e c t l y   i n v o l v i n g   r a y  

t r a c i n g ,   e . g . ,   f i e l d   p r o p a g a t i o n   t e c h n i q u e s ,   but  again  t hese   r e q u i r e  

d e t a i l e d   knowledge  of  at  l e a s t   the  ocean  bot tom,  as  well   as  the  s h a p e  

of  the  subsea   i n t e r f a c e s ,   and  so  are  not  as  p r a c t i c a l   as  would  be  

d e s i r e d .  

A c c o r d i n g l y ,   i t   is  an  o b j e c t   of  the  i n v e n t i o n   to  provide   a n  

improved  method  for  removing  the  r eco rd   of  m u l t i p l e   s u r f a c e   r e f l e c t i o n  

even t s   from  s e i s m i c   r e c o r d s   for  data   p r o c e s s i n g   p u r p o s e s .  

A c c o r d i n g l y ,   the  i n v e n t i o n   r e s i d e s   in  a  method  for  r emov ing  

no i se   from  a  s e i smic   t r a c e   under  a n a l y s i s   by  removing  s u r f a c e   m u l t i p l e  



r e f l e c t i o n   even t s   from  sa id   t r a c e   under  a n a l y s i s   compr i s ing   the  s t e p s  

o f :  

g e n e r a t i n g   s y n t h e t i c   s u r f a c e   m u l t i p l e   t r a c e s   by  c o m b i n i n g  

p a i r s   of  r e a l   t r a c e s   s e l e c t e d   to  have  an  end  po in t   in  common  with  one  

ano the r   and  to  have  t h e i r   o the r   end  p o i n t s   in  common  with  the  t r a c e  

under  a n a l y s i s ;  

i d e n t i f y i n g   from  these   s y n t h e t i c   t r a c e s   the  s y n t h e t i c   t r a c e  

whose  t o t a l   t r a v e l   time  between  the  end  p o i n t s   of  the  t r a c e   u n d e r  

a n a l y s i s   is  minimum;  a n d  

s u b t r a c t i n g   the  i d e n t i f i e d   s y n t h e t i c   t r a c e   from  the  t r a c e  

under  a n a l y s i s .  

The  i n v e n t i o n   w i l l   now  be  e x p l a i n e d   with  r e f e r e n c e   to  t h e  

accompanying  d rawings ,   in  w h i c h :  

F igure   1  is  a  p i c t o r i a l   view  of  a  marine  s e i s m i c   e x p l o r a t i o n  

t e c h n i q u e ;  

F igure   2  is  a  s chemat i c   view  of  v a r i o u s   p o s s i b l e   pa ths   t a k e n  

by  s e i smic   waves  from  a  source   or  r e c e i v e r   used  in  the  t e c h n i q u e   o f  

F igure   1;  

F igure   2A  d e t a i l s   the  t y p i c a l   sequence   of  e x p l o r a t i o n  

o p e r a t i o n s ;  

F i g u r e s   3  and  4  are  d iagrams  showing  in  s c h e m a t i c   form  v a r i o u s  

s e i smic   t r a c e s ;   and  

F igure   5  is  a  f l o w c h a r t   of  a  method  a c c o r d i n g   to  one  e x a m p l e  

of  the  i n v e n t i o n   of  removing  s u r f a c e   m u l t i p l e s   from  a  s e i s m i c   t r a c e .  

R e f e r r i n g   to  F i g u r e s   1  and  5,  in  the  t e c h n i q u e   shown  t h e r e i n  

an  e x p l o r a t i o n   v e s s e l   10  tows  a  " s t r e a m e r "   cab le   12  which  c o m p r i s e s  

many  hydrophones   14  which  are  microphones   adap ted   to  r e c e i v e   a c o u s t i c  

waves  in  wa te r ,   t y p i c a l l y   of  f r e q u e n c i e s   from  0  to  100  Hz.  The  s i g n a l s  

from  the  r e c e i v e r s   may  be  t r a n s m i t t e d   up  the  s t r e a m e r   cab le   to  t h e  

v e s s e l   10  for  r e c o r d i n g   on  r e c o r d i n g   device   16,  as  is  well   u n d e r s t o o d  

in  the  a r t .   The  v e s s e l   10  a lso   c a r r i e s   means,  such  as  a  compressed  a i r  

gun  as  i n d i c a t e d   at  18,  for  e m i t t i n g   an  a c o u s t i c   wave  i n to   the  w a t e r .  

The  wave  t r a v e l s   downwardly  along  a  p l u r a l i t y   of  p a t h s  2 0   and  i s  

r e f l e c t e d   from  the  i n t e r f a c e s   between  m a t e r i a l s   of  va ry ing   a c o u s t i c  



impedence  such  as  the  ocean  bottom  22,  and  is  r e f l e c t e d   back  u p w a r d l y  

along  path  24  to  be  p icked  up  by  the  hydrophones   14.  The  wave  a l s o  

t r a v e l s   i n to   the  subsea   bed  as  at  28,  is  r e f l e c t e d   at  the  i n t e r f a c e   30 

between  bed  28  and  t h a t   benea th ,   and  t r a v e l s   upwardly  to  be  r e c e i v e d   a t  

a  d i f f e r i n g   hydrophone  along  a  path  32.  The  wave  pa ths   shown  at  24  and 

32  are  r e f e r r e d   to  as  d i r e c t   or  primary  waves,  s ince   the  path  i n c l u d e s  

only  one  r e f l e c t i o n   from  an  i n t e r f a c e   wi th in   the  ocean  or  the  sea  bed  

be fo re   d e t e c t i o n   by  a  hydrophone.   " M u l t i p l e s "   are  a l so   shown  in  F i g u r e  

1  at  34  and  36.  These  are  ray  pa ths   a cco rd ing   to  which  the  wave 

r eaches   the  s u r f a c e   more  than  once.  As  d i s c u s s e d   above,  such  m u l t i p l e s  

are  u n d e s i r a b l e   in  s e i smic   data   p r o c e s s i n g   because  they  obscure   a c t u a l  

s e i s m i c   even t s   which  take  p lace   at  a  time  comparable   to  t h a t   taken  oy 
the  m u l t i p l y - r e f l e c t e d   wave  to  reach  the  same  hydrophone  and  are  a  

source   of  s p u r i o u s   d a t a .  

I t   w i l l   be  u n d e r s t o o d   by  those   s k i l l e d   in  the  a r t   t h a t   i n  

g e n e r a l   o c e a n - g o i n g   s e i smic   e x p l o r a t i o n   is   performed  by  a  ship  towing  a  

s t r e a m e r   c o n t a i n i n g   many  hydrophones ,   for  example  200  and  up,  along  a  

s t r a i g h t   l i n e .   A  "shot"   is  g e n e r a t e d   at  r e g u l a r   i n t e r v a l s ,   t y p i c a l l y  

8-10  seconds ,   and  the  s i g n a l   ou tpu t   by  each  hydrophone  is  s e p a r a t e l y  

r e c o r d e d .   When  graphed,   such  s i g n a l s   are  r e f e r r e d   to  as  t r a c e s .  

A c c o r d i n g l y ,   along  the  l i n e   of  e x p l o r a t i o n   the  shot   p o i n t s   a n d  

hydrophone  l o c a t i o n s   are  such  t h a t   very  complete   coverage   of  the  l i n e  

is  o b t a i n e d   and  a  shot   and  a  r e c e i v e r   w i l l  a t   some  time  have  b e e n  

p o s i t i o n e d   at  a lmost   a l l   r e s p e c t i v e   p o i n t s   along  the  l i n e .  

I t   is  assumed  for  p r e s e n t   purposes   t h a t   the  net  ou tpu t   of  any 

given  hydrophone ,   a  " t r a c e " ,   is   the  r ecord   of  the  va r ious   p r i m a r y  

r e f l e c t i o n s   of  the  wave  from  the  ocean  bottom  and  the  i n t e r f a c e s  

between  the  va ry ing   rock  l a y e r s   making  up  the  subsea   f l o o r   and  of  t h e  

m u l t i p l e s .   A c c o r d i n g l y ,   i f   the  m u l t i p l e s   can  be  s y n t h e s i z e d ,   they  c a n  

be  d i r e c t l y   s u b t r a c t e d   from  a  t r a c e   of  i n t e r e s t ,   y i e l d i n g   a  t r a c e   which  

c o n t a i n s   only  pr imary  r e f l e c t i o n s   of  i n t e r e s t .  

I t   is  f u r t h e r   assumed  he r e in   t h a t   the  m u l t i p l e s   as  shown  i n  

F igure   1  can  be  t r e a t e d   as  sums  of  primary  r e f l e c t i o n s .   A c c o r d i n g l y ,  

the  wave  path  taken  by  a  f i r s t   order   m u l t i p l e ,   one  in  which  the  wave 



r e f l e c t s   from  the  water  s u r f a c e   once  b e f o r e  a r r i v a l   at  a  hydrophone,   i s  

equal   to  the  sum  of  two  primary  ray  pa ths ,   one  having  the  same  s o u r c e  

l o c a t i o n   and  ano the r   having  the  same  r e c e i v e r   l o c a t i o n   as  the  wave 

being  ana lyzed   in  t h i s   f a sh ion ,   with  t h e i r   o the r   end  p o i n t s   in  common, 
at  the  l o c a t i o n   of  the  m u l t i p l e ' s   r e f l e c t i o n   from  the  s u r f a c e .   T h i s  

w i l l   be  e x p l a i n e d   in  c o n n e c t i o n   with  F igure   2.  For  example,   c o n s i d e r  

the  case  of  a  wave  p a s s i n g   from  a  source   l o c a t i o n   S  to  a  h y d r o p h o n e  

l o c a t i o n   R  along  the  path  SAR.  This  is  a  pr imary  wave.  A  m u l t i p l e  

a lso   r eaches   R  from  S  by  pa s s ing   along  the  path  SB-BC-CD-DR.  I t   w i l l  

be  assumed  t h a t   t h i s   m u l t i p l e ,   r e f e r r e d   to  as  "SBCDR"  can  be  modeled  by 

combining  the  pa i r   of  pr imary  waves  SB-BC  and  CD-DR.  These  w i l l   h a v e  

been  r e c o r d e d   dur ing   the  c o n v e n t i o n a l   e x p l o r a t i o n   p r o c e s s .   S i m i l a r l y ,  

the  m u l t i p l e   SEFGR,  in  which  one  of  the  r e f l e c t i o n s   is  from  a  s u b s e a  

bed,  and  one  from  the  ocean  bottom,  can  be  s y n t h e s i z e d   from  t h e  

combina t i on   of  p r i m a r i e s   SEE  and  FGR.  A c c o r d i n g l y ,   in  order   t o  

s u b t r a c t   the  m u l t i p l e s   having  r e f l e c t i o n s   at  C  and  F  from  the  t r a c e   SR 

r eco rded   with  the  shot   po in t   at  S  and  the  hydrophone  at  R,  i t   is  o n l y  

n e c e s s a r y   to  l o c a t e   p o i n t s   C  and  F  and  to  combine  the  t r a c e   r e c o r d e d  

with  r e s p e c t   to  ray  path  SBC  with  t h a t   c o r r e s p o n d i n g   to  CDR  and  

s i m i l a r l y   combine  t r a c e s   SEF  and  FGR  and  s u b t r a c t   the  c o m b i n e d ,  

" s y n t h e t i c "   t r a c e s   from  t r a c e   SR,  having  the  ray  path  SAR. 

R e f e r r i n g   to  F igure   3,  t r a c e   40  is  an  i d e a l i z e d   v e r s i o n   of  t h e  

analog  r e p r e s e n t a t i o n   of  the  t r a c e   r e co rded   with  r e s p e c t   to  s o u r c e  

l o c a t i o n   S  and  r e c e i v e r   l o c a t i o n   R.  The  amp l i t ude   of  the  s i g n a l   is  i n  

the  l e f t - r i g h t   d i r e c t i o n   of  the  d iagram,   and  time  p roceeds   from  top  t o  

bottom,  as  is  c o n v e n t i o n a l .   Such  t r a c e s   are  s t o r e d   i n  c o m p u t e r   memory 

as  a  sequence  of  d i g i t a l   "words"  each  r e p r e s e n t i n g   the  analog  a m p l i t u d e  

of  the  t r a c e   at  a  given  po in t   in  t ime.   The  r e p r e s e n t a t i o n s   t h e r e o f  

shown  in  F igure   3  (and  F igure   4)  thus  c o r r e s p o n d   to  g r a p h i c  

r e p r e s e n t a t i o n s   of  t hese   sequences   of  d i g i t a l   words.  Such  t r a c e s   a r e  

commonly  ou tpu t   for   a n a l y s i s   by  t r a i n e d   p e r s o n n e l .  

I t   is  assumed  h e r e i n   t h a t   the  wave  r e c o r d e d   as  t r a c e   40  is  t h e  

sum  of  a  pr imary  wave  and  one  or  more  m u l t i p l e   waves.  The  p r i m a r y  

r e f l e c t i o n   of  the  wave  r e c o r d e d   by  t r a c e   42  is  shown  at  42a  on  t h e  



t r a c e .   I t   c o r r e s p o n d s   to  the  d i r e c t   path  taken  by  the  a c o u s t i c   wave 

inpu t   to  the   e a r t h   and  r e c e i v e d   at  a  r e c e i v e r   a f t e r   a  s i n g l e   r e f l e c t i o n  

from  an  i n t e r f a c e   between  m a t e r i a l s   of  v a r i o u s   a c o u s t i c   i m p e d a n c e s .  

Only  a  s i n g l e   r i p p l e   42a  i n d i c a t i n g   d e t e c t i o n   of  the  primary  r e f l e c t i o n  

is  shown.  I t   w i l l   be  a p p r e c i a t e d   t h a t   t y p i c a l l y   such  t r a c e s   r e c o r d  

numerous  such  pr imary  r e f l e c t i o n s   c o r r e s p o n d i n g   to  the  number  o f  

i n t e r f a c e s   at  which  r e f l e c t i o n   of  the  pr imary  wave  occurs .   However,  
for  p r e s e n t   p u r p o s e s ;   only  a  s i n g l e   pr imary  r e f l e c t i o n   need  b e  

c o n s i d e r e d .   The  r emainder   of  the  r e f l e c t i o n s   r e co rded   by  t r a c e   40  a r e  

m u l t i p l e s   which  are  shown  s e p a r a t e l y   on  t r a c e   44;  t h a t   i s ,   t h e  

a s sumpt ion   is  made  t h a t   the  t r a c e   40  shows  the  sum  of  the  p r i m a r y  

r e f l e c t i o n   on  t r a c e   42,  and  of  the  m u l t i p l e s   on  t r a c e   44.  The 

assumpt ion   is  then  made  t h a t   the  r e f l e c t i o n s   on  m u l t i p l e   t r a c e   44  a r e  

e f f e c t i v e l y   the  sum  of  two  pr imary  r e f l e c t i o n s   which  are  shown  on 

t r a c e s   46  and  48,  t he se   being  the  t r a c e s   r e co rded   with  r e s p e c t   to  waves 

between  the  source   S  and  the  l o c a t i o n   C  at  the  s u r f a c e   of  the  sea  a t  

which  the  m u l t i p l e   r e f l e c t i o n   t akes   p l ace ,   and  between  po in t   C  and  t h e  

r e c e i v e r   l o c a t i o n   R.  A c c o r d i n g l y ,   the  o v e r a l l   r e c e i v e d   t r a c e   40  i s  

equal   to  the  sum  of  the  t r a c e   42  plus  the  sum of  two  t r a c e s   o c c u r r i n g  

between  p o i n t   C  on  the  s u r f a c e   and  the  source   and  r e c e i v e r   l o c a t i o n s   S 

and  R,  r e s p e c t i v e l y .   These  r e a l   t r a c e s   (which  w i l l   be  r e f e r r e d   t o  

h e r e a f t e r   as  SC  and  CR)  w i l l   have  t y p i c a l l y   been  r eco rded   in  the  c o u r s e  

o f t h e   e x p l o r a t i o n   o p e r a t i o n ,   i . e . ,   CR  when  the  v e s s e l   is  at  C  and  SC  i n  

c o n n e c t i o n   with  the  same  "shot"   as  the  wave  SR  under  a n a l y s i s .   The 

d i f f i c u l t y   is  in  a c c u r a t e   l o c a t i o n   of  the  po in t   C  at  the  s u r f a c e   f rom 

which  the  m u l t i p l e   r e f l e c t i o n   occu r s .   However,  while  po in t   C  could  be  

l o c a t e d ,   t h i s   is  not  n e c e s s a r y   in  o rder   to  remove  m u l t i p l e s   from  a  

s e i s m i c   r e c o r d .  

The  s e l e c t i o n   of  the  p o i n t s   C  and  F,  the  p o i n t s   at  which  

v a r i o u s   m u l t i p l e s   are  r e f l e c t e d   from  the  s u r f a c e ,   can  be  d e t e r m i n e d  

us ing   ray  t r a c i n g   t e c h n i q u e s   i f   the  exact   c o n f i g u r a t i o n   of  the  o c e a n  

bottom  and  of  the  subsea   beds  are  known  and  i f   the  v e l o c i t y   of  t h e  

sound  wave  in  t he se   media  is  known.  U n f o r t u n a t e l y ,   such  knowledge  i s  

not  easy  to  a c q u i r e   and  indeed  with  r e s p e c t   to  the  c o n f i g u r a t i o n   of  t h e  



subsea   bed  is  o r i g i n a l l y   the  o b j e c t   of  s e i s m i c   e x p l o r a t i o n .  

A c c o r d i n g l y ,   p r i o r   a r t   methods  i n v o l v i n g   ray  t r a c i n g   to  c a l c u l a t e  

m u l t i p l e s   in  t h i s   f a sh ion   have  been,  at  b e s t ,   m a r g i n a l l y   s u c c e s s f u l   and  

in  any  case  have  consumed  l a r g e   amounts  of  computer  time  for  t h e  

i t e r a t i v e   methods  used  in  ray  t r a c i n g .  

The  p r e s e n t   a p p l i c a t i o n   u t i l i z e s   Huygens'  P r i n c i p l e   of  Wave 

P r o p a g a t i o n ,   which  s t a t e s   t h a t   a  wave  t r a v e l i n g   in  any  medium  o r  

combina t ion   of  media  between  two  f ixed   p o i n t s   w i l l   take  t h a t   path  which  

y i e l d s   the  s h o r t e s t   p o s s i b l e   t o t a l   t r a v e l   t i τ e .  `   This  p h y s i c a l  

p r i n c i p l e   is  c o e x t e n s i v e   with  S n e l l ' s   Law,  which  is  used  in  r a y  

t r a c i n g .   However,  i t   s i m p l i f i e s   m a t t e r s   in  cases   where  the  p r e c i s e  

c o n f i g u r a t i o n   of  the  v a r i o u s   i n t e r f a c e s   between  the  media  are  n o t  

known,  as  here .   I n s t e a d ,   a l l   p o s s i b l e   p a i r s   of  pr imary  ray  p a t h s  c a n  

be  combined  and  the  t r a v e l   time  measured  for  each.  That  pa i r   of  r e a l  

ray  pa ths   which  has  the  s h o r t e s t   t r a v e l   time  w i l l   be  t h a t   along  which  

the  m u l t i p l e   a c t u a l l y   t r a v e l s .  

I t   w i l l   be  a p p r e c i a t e d   t h a t   t h i s   method  p r o v i d e s   the  a c t u a l  

m u l t i p l e   path  taken  r e g a r d l e s s   of  the  shape  of  the  ocean  bottom  and  o f  

the  i n t e r f a c e s   between  the  subsea   beds,   because   t hese   c o n t r o l   the  r e a l  

m u l t i p l e   and  the  i n d i v i d u a l   pr imary  r e f l e c t i o n s   which  are  summed  t o  

g e n e r a t e   the  s y n t h e t i c   m u l t i p l e   in  an  i d e n t i c a l   way. 
In  c a r r y i n g   out  the  p r e s e n t   p r o c e s s ,   the  a c t u a l   path  u n d e r g o n e  

by  a  m u l t i p l e   from  a  source   l o c a t i o n   S  to  a  r e c e i v e r   l o c a t i o n   R  i s  

de t e rmined   by  combining  p a i r s   of  t r a c e s   having  a  common  beg inn ing   and  

ending  po in t   in  the  i n t e r v a l   between  S and  R.  (In  t h i s   s p e c i f i c a t i o n ,  

the  term  "combining"   p a i r s   of  waves  to  form  a  s y n t h e t i c   t r a c e   means 

c o n v o l u t i o n   or  a  s i m i l a r   m a t h e m a t i c a l l y   a p p r o p r i a t e   p r o c e d u r e . )   If  a l l  

p o s s i b l e   p a i r s   of  t r a c e s   are  combined  in  t h i s   r e g i o n ,   t h a t   c o n v o l v e d  

pa i r   having  the  s h o r t e s t   t o t a l   t r a v e l   time  has  the  same  path  as  t h e  

m u l t i p l e   between  S  and  R.  A c c o r d i n g l y ,   in  order   to  de t e rmine   t h e  

a c t u a l   m u l t i p l e   path  between  S  and  R,  one  combines  p a i r s  o f   t r a c e s ,   i n  

which  one  of  each  pa i r   is  r eco rded   with  r e s p e c t   to  a  source   at  some 

po in t   C  in  the  i n t e r v a l   between  S  and  R  and  a  hydrophone  at  po in t   R, 

and  the  o the r   is  r eco rded   with  r e s p e c t   to  a  source   at  S  and  a  



hydrophone  at  the  same  p o i n t   C,  and  d e t e r m i n e s   which  of  a l l   t h e s e  

combined  t r a c e s   has  the  minimum  t o t a l   t r a v e l   t i m e .  

P r e s e n t   day  e x p l o r a t i o n   p r a c t i c e s   i nvo lve   the  g e n e r a t i o n   and  

r e c o r d i n g   of  a l l   t hese   t r a c e s .   A c c o r d i n g l y ,   the  p r e s e n t   method  d o e s  

not  i n v o l v e   any  a d d i t i o n a l   data   g a t h e r i n g   r e q u i r e m e n t s .  

F igure   2A  shows  how  the  p a i r s   of  t r a c e s   which  can  be  combined 

to  g e n e r a t e   a  s y n t h e t i c   m u l t i p l e   t r a c e   are  g e n e r a t e d .   An  e x p l o r a t i o n  

v e s s e l   10  is   shown  at  four   s u c c e s s i v e   l o c a t i o n s   in  a  d i r e c t i o n   o f  

e x p l o r a t i o n   C1,  C2,  CN  and  S.  This  is  in  acco rdance   with  t h e  

p r a c t i c e   a c c o r d i n g   to  which  the  v e s s e l   s teams  in  a  g e n e r a l l y   s t r a i g h t  

l i n e ,   emits   an  a c o u s t i c   wave  i n to   the  water   at  on  the  order   of  10 

second  i n t e r v a l s   and  t r a i l s   behind  i t   a  long  s t r e a m e r   12  c o n t a i n i n g  

many  hydrophones   adap ted   to  ou tpu t   t r a c e s   with  r e s p e c t   to  a  l i k e   number 

of  l o c a t i o n s   along  i t s   l e n g t h .   Assume  t h a t   i t   is  d e s i r e d   to  remove 

m u l t i p l e s   from  the  t r a c e   r eco rded   with  the  v e s s e l   10  at  a  s o u r c e  

l o c a t i o n   S  and  a  hydrophone  at  a  l o c a t i o n   R  along  i t s   s t r e a m e r   12.  I n  

o rde r   to  do  so,  s y n t h e t i c   m u l t i p l e   t r a c e s   c o r r e s p o n d i n g   to  a l l   p o s s i b l e  

r e a l   m u l t i p l e   ray  pa ths   are  g e n e r a t e d .   S e v e r a l   p o s s i b l e   m u l t i p l e   p a t h s  

are  shown  in  F igure   2A.  These  may  be  s i m u l a t e d   by  g e n e r a t i o n   o f  

s y n t h e t i c   m u l t i p l e   t r a c e s   by  combining  r e a l   t r a c e s   which  were  r e c o r d e d  

with  the  e x p l o r a t i o n   v e s s e l   at  the  i n t e r v e n i n g   l o c a t i o n s   C1,  C2, 

CN.  For  example,   the  m u l t i p l e   ray  path  shown  in  f u l l   c o r r e s p o n d i n g  

to  r e f l e c t i o n   from  the  s u r f a c e   at  the  l o c a t i o n   C2  can  be  g e n e r a t e d   by 

combining  the  t r a c e s   r eco rded   with  r e s p e c t   to  the  source   at  S  and  t h e  

hydrophone  at  C2  (which  would  have  been  r e c o r d e d   at  the  same  time  a s  

the  SR  t r a c e   of  i n t e r e s t )   and  the  t r a c e   r e co rded   e a r l i e r ,   when  t h e  

v e s s e l   was  at  C2  and  with  r e s p e c t   to  a  d i f f e r i n g   hydrophone  in  t h e  

s t r e a m e r ,   l o c a t e d   at  t h a t   time  at  R.  All  p o s s i b l e   i n t e r v e n i n g   v e s s e l  

l o c a t i o n s   are  t r e a t e d   in  the  same  way;  t h a t   i s ,   c o m b i n a t i o n s   o f  

r e c o r d e d   t r a c e s   are  made  with  r e s p e c t   to  numerous  r e f l e c t i o n   l o c a t i o n s  

Cl,  C2 . . .   CN.  Thus,  for  example,  the  f o l l owing   c o m b i n a t i o n s  

would  be  made.  



In  t h i s   way,  a l l   p o s s i b l e   p a i r s   of  s y n t h e t i c   m u l t i p l e   t r a c e s  

c o r r e s p o n d i n g   to  the  t r a c e   under  a n a l y s i s   are  g e n e r a t e d .   T h e s e  

s y n t h e t i c   m u l t i p l e   t r a c e s   can  thus  be  r e f e r r e d   to  as  t r a c e s   g e n e r a t e d  

by  " g a t h e r i n g "   and  combining  p a i r s   of  t r a c e s   having  one  end  po in t   i n  

common  and  t h e i r   o the r   end  p o i n t s   being  the  same  as  the  t r a c e   u n d e r  

a n a l y s i s .  

F igure   4  shows  the  r e s u l t   of  the  o p e r a t i o n   j u s t   d e s c r i b e d .  

As  d i s c u s s e d   above,  Huygens'  P r i n c i p l e   s t a t e s   t h a t   of  a l l  

p o s s i b l e   wave  pa ths   undergone  by  a  wave  t r a v e l i n g   in  a  given  medium  o r  

m e d i a ,   the  ray  path  which  y i e l d s   the  s h o r t e s t   t o t a l   t r a v e l   time  is  t h a t  

along  which  the  wave  a c t u a l l y   t r a v e l s .   A c c o r d i n g l y ,   the  a c t u a l   po in t   C 

from  which  the  m u l t i p l e   is  r e f l e c t e d   at  the  s u r f a c e ,   can  be  l o c a t e d   by 

c o n v o l u t i o n   of  the  t r a c e s   between  a l l   p o s s i b l e   p o i n t s   C1  t h r o u g h  C N  
and  the  source   and  r e c e i v e r   l o c a t i o n s   S and  R,  r e s p e c t i v e l y ,   and  n o t i n g  
which  has  the  minimum  t r a v e l   t ime.   However,  i t   is  not  n e c e s s a r y   to  do 

so  in  order   to  remove  m u l t i p l e s .   I n s t e a d ,   " s t a c k i n g "   the  c o n v o l u t e d  

s y n t h e t i c   t r a c e s   c o r r e s p o n d i n g   to  waves  t r a v e l i n g   between  S  and  a l l  

p o s s i b l e   l o c a t i o n s   C,  and  between  C  and  R  is  pe r fo rmed;   the  s t a c k e d  

t r a c e   is  the  c o r r e c t   s y n t h e t i c   m u l t i p l e   t r a c e .   (The  term  " s t a c k i n g "  

r e f e r s   to  the  summing  of  the  i n s t a n t a n e o u s   amp l i t ude   va lues   of  a l l   t h e  

t r a c e s ,   pe r formed  with  r e s p e c t   to  each  po in t   in  t ime . )   Both  p r o c e d u r e s  

are  i l l u s t r a t e d   g r a p h i c a l l y   in  F igure   4.  To  the  r i g h t   are  i l l u s t r a t e d  

a  p l u r a l i t y   of  s y n t h e t i c   m u l t i p l e   t r a c e s   50  which  are  convolved   p a i r s  



of  r e a l   t r a c e s   o c c u r r i n g   between  v a r i o u s   l o c a t i o n s   C,  on  the  s u r f a c e ,  

and  the  l o c a t i o n s   S and  R  of  the  t r a c e   40  of  i n t e r e s t .   These  w i l l   be  

r e f e r r e d   to  as  " s y n t h e t i c   m u l t i p l e   t r a c e s "   s ince   they  are  r e p l i c a s   o f  

m u l t i p l e s   g e n e r a t e d   by  convo lv ing   t r a c e s .   A  p l u r a l i t y   of  s y n t h e t i c  

t r a c e s   are  i n d i c a t e d   on  the  drawing  as  SR1  through  SRH 
c o r r e s p o n d i n g   to  the  v e s s e l   l o c a t i o n s   Cl-CN  as  d i s c u s s e d   i n  

c o n n e c t i o n   with  F igure   2A.  The  "wigg les"   50a  i n d i c a t e   the  d e t e c t i o n   o f  

the  m u l t i p l y - r e f l e c t e d   wave.  As  is  i l l u s t r a t e d ,   as  the  l o c a t i o n   C 

v a r i e s   between  S and  R  some  minimum  value   of  the  t r a v e l   time  of  e a c h  

r e f l e c t i o n   event   is  r eached   as  i n d i c a t e d   by  t r a c e   52,  where  t h e  

s y n t h e t i c   m u l t i p l y - r e f l e c t e d   wave  is   r e c e i v e d   in  the  s h o r t e s t   t i m e .  

Examina t ion   of  the  t r a c e s   50  can  thus   r e v e a l   the  l o c a t i o n   of  po in t   C. 

However,  i f   the  t r a c e s   are  a l l   " s t a c k e d " ,   i . e . ,   common  p o i n t s   w i t h  

r e s p e c t   to  t ime  are  summed,  r e s u l t i n g   in  a  s t a c k e d   t r a c e   54,  t h e  

minimum  time  is  very  c l e a r l y   i n d i c a t e d   by  the  beg inn ing   of  the  " w i g g l e "  

54a.  This  is  a c c u r a t e l y   l o c a t e d   because   even  though  the  time  o f  

a r r i v a l   of  the  wiggle  50a  v a r i e s   from  t r a c e   to  t r a c e ,   the  r e l a t i v e  

phase  of  the  wiggles   50a  does  not,   so  t h a t   the  s t ack   of  a l l   the  t r a c e s  

has  a  h igh ly   c o r r e l a t e d   i n i t i a l   wiggle   54a.  The  r ema inde r   of  t h e  

m u l t i p l e s '   r e f l e c t i o n s   tend  to  cance l   one  ano the r   out ,   as  i n d i c a t e d   by 

t r a c e   54.  The  f i r s t   wiggle  54a  might  t y p i c a l l y   be  the  f i r s t   m u l t i p l e  

from  the  ocean  bot tom.  For  example,   t h a t   shown  by  path  SB-BC-CD-DR  i n  

F igure   2.  If   a  second  m u l t i p l e   were  no t ab ly   p r e s e n t ,   e . g . ,   from  p a t h  

SE-EF-FG-GR  t h i s   might  a l so   show  up  as  a  second  wiggle   at  54b,  h a v i n g  

been  g e n e r a t e d   by  summing  over  many  s m a l l e r ,   s i m i l a r l y   c o r r e l a t e d  

wiggles   50b.  Unless   p o i n t s   C  and  F  are  c o i n c i d e n t a l l y   the  same,  
d i f f e r e n t   t r a c e s   50  w i l l   e x h i b i t   the  s h o r t e s t   t r a v e l   t imes ,   as  shown.  

The  p roce s s   of  "combining"  ( c o n v o l v i n g )   two  r e a l   t r a c e s   i n  

order   to  g e n e r a t e   a  s y n t h e t i c   m u l t i p l e   t r a c e   has  been  r e f e r r e d   t o  

g e n e r a l l y   above.  In  o rder   to  p r o p e r l y   combine  the  t r a c e s   in  order   t o  

g e n e r a t e   a  s y n t h e t i c   m u l t i p l e   t r a c e   as  d e s c r i b e d   above,  i t   is  n e c e s s a r y  

to  do  the  combining  a cco rd ing   to  a  p roce s s   which  w i l l   take  in to   a c c o u n t  

the  w a v e - l i k e   n a t u r e   of  the  t r a c e s .   I t   w i l l   be  unde r s tood   by  t h o s e  

s k i l l e d   in  the  a r t   t h a t   one  a p p r o p r i a t e   p rocedure   is  c o n v o l u t i o n .  



Convo lu t i on   i n v o l v e s   time  domain  f i l t e r i n g   of  one  f u n c t i o n   w i t h  

a n o t h e r .   For  example,  the  i npu t   s e i smic   waveform  is  "convolved"   by  t h e  

r e f l e c t i v i t y   f u n c t i o n   of  the  e a r t h   in  becoming  the  r e f l e c t e d   wave  which  

is  r eco rded   to  y i e l d   the  ou tpu t   t r a c e .   For  g e n e r a l   background  on  t h e  

p roce s s   of  f i l t e r i n g   which  can  be  e x p r e s s e d   by  the  m a t h e m a t i c a l  

o p e r a t i o n   of  c o n v o l u t i o n ,   r e f e r e n c e   is  d i r e c t e d   to  Chapter   2  o f  

" S t a t i s t i c a l   Theory  of  Communication"  by  Y.  L.  Lee;  John  Wiley  &  S o n s ,  

I n c . ,   New  York,  1961 .  

D i r e c t   e v a l u a t i o n   of  the  c o n v o l u t i o n   of  two  f u n c t i o n s   f  and  g 
i n v o l v e s   e v a l u a t i o n   of  the  i n t e g r a l   F  de f ined   by  the  f o l l o w i n g  

e q u a t i o n :  

While  d i r e c t   e v a l u a t i o n   of  t h i s   i n t e g r a l   is  p o s s i b l e   u s i n g  

modern  computer  t e c h n i q u e s   i t   is  very  time  consuming.   F r e q u e n t l y   s u c h  

e v a l u a t i o n   can  be  s i m p l i f i e d   by  pe r fo rming   an  e v a l u a t i o n   of  s u c h  

t ime-domain   f u n c t i o n s   in  the  f requency   domain.  This  may  be  done,  f o r  

example,  by  t ak ing   the  F o u r i e r   t r a n s f o r m   of  each  s e i smic   t r a c e   p r i o r   t o  

the  s tep  of  c o n v o l u t i o n   of  p a i r e d   r e a l   t r a c e s   to  g e n e r a t e   a  s y n t h e t i c  

m u l t i p l e   t r a c e .   According  to  F o u r i e r   a n a l y s i s ,   a  wave  e x p r e s s e d   as  a  
f u n c t i o n   of  t ime,   such  as  a  t r a c e ,   is  t r a n s f o r m e d   in to   a  s e r i e s   o f  

va lues   Ak,  each  of  which  r e p r e s e n t s   the  c o n t r i b u t i o n   of  a  p a r t i c u l a r  

f r equency   component  to  the  o v e r a l l   wave.  These  e l ements   may  be  

c h a r a c t e r i z e d   by  the  f o l l o w i n g   e q u a t i o n :  

where  the  a i ' s   are  i n s t a n t a n e o u s   va lues   of  the  wave  a m p l i t u d e .  

The  c o n v o l u t i o n   of  the  F o u r i e r - t r a n s f o r m e d  w a v e s   c a n  

then  be  simply  accompl i shed   by  m u l t i p l y i n g   t o g e t h e r   the  c o r r e s p o n d i n g  

Ak's  for  the  two  t r a n s f o r m e d   t r a c e s   which  are  to  b e  c o n v o l v e d   t o  



g e n e r a t e   a  s y n t h e t i c   m u l t i p l e   t r a c e .   Af te r   the  s y n t h e t i c   t r a c e s   h a v e  

thus  been  g e n e r a t e d ,   the  i n v e r s e   F o u r i e r   t r a n s f o r m   o p e r a t i o n   is  a p p l i e d  

to  them  to  y i e l d   a  s e r i e s   of  amp l i t ude   va lues   ( i . e . ,   a i ' s )   for  e a c h  

of  the  s y n t h e t i c   t r a c e s   50 .  

The  i n v e r s e   F o u r i e r   t r a n s f o r m   o p e r a t i o n   is  well   known  and  

p roceeds   a c c o r d i n g   to  the  e q u a t i o n :  

The  a i ' s   can  be  graphed  to  y i e ld   v i s u a l   r e p r e s e n t a t i o n s   df  t h e  

s y n t h e t i c   m u l t i p l e   t r a c e s ,   as  shown  at  50.  These  can  be  examined  t o  

de t e rmine   which  s y n t h e t i c   t r a c e   c o r r e s p o n d s   to  the  minimum  t r a v e l   t i m e  

va lue ,   such  as  the  t r a c e   i n d i c a t e d   at  52  of  F igure   4.  A l t e r n a t i v e l y ,  

the  c o r r e s p o n d i n g   i n s t a n t a n e o u s   ampl i tude   va lues   ai  for  the  c o n v o l v e d  

s y n t h e t i c   m u l t i p l e s   M  can  then  be  a l g e b r a i c l y   added  to  one  ano the r   t o  

y i e l d   the  s t a c k e d   s y n t h e t i c   t r a c e   54.  The  l a r g e s t   ampl i tude   value  w i l l  

i n d i c a t e   the  minimum  time  of  t r a v e l   of  any  pa i r   of  r e a l   waves,  and  

hence  of  the  r e a l   m u l t i p l e .   ( A l t e r n a t i v e l y ,   and  p r e f e r a b l y   for  r e a s o n s  

of  p r o c e s s i n g   e f f i c i e n c y ,   s t a c k i n g   can  be  per formed  be fo re   a p p l i c a t i o n  

of  the  i n v e r s e   t r a n s f o r m a t i o n . )   The  s y n t h e t i c   t r a c e   54  can  be  

s u b t r a c t e d   d i r e c t l y ,   again   ai  by  a i ,   from  the  t r a c e   under  a n a l y s i s  

40  a f t e r   a p p r o p r i a t e   s c a l i n g   and  f i l t e r i n g   o p e r a t i o n s   have  been  c a r r i e d  

out .   These  w i l l   be  d e s c r i b e d   in  f u r t h e r   d e t a i l   b e l o w .  

The  advan tage   of  c a r r y i n g   out  the  F o u r i e r   a n a l y s i s   is  t h a t  

whereas  c o n v o l u t i o n   would  have  to  be  per formed  i n d i v i d u a l l y   w i t h  

r e s p e c t   to  each  pa i r   of  t r a c e s ,   F o u r i e r   t r a n s f o r m a t i o n   need  only  be  

per formed  once  with  r e s p e c t   to  each  t r a c e ,   fo l lowed   by  s imple  g e o m e t r i c  

m u l t i p l i c a t i o n   of  c o r r e s p o n d i n g   F o u r i e r   t r a n s f o r m   e l e m e n t s .  

F igure   5  shows  a  f l o w c h a r t   of  the  method  of  the  i n v e n t i o n .   At 

60  a  t r a c e   having  end  p o i n t s   S and  R  is  s e l e c t e d   for  a n a l y s i s .   At  62 

p a i r s   of  t r a c e s   having  one  end  po in t   in  common  and  t h e i r   o the r   end  

p o i n t s   at  S  or  R  are  convolved  with  one  a n o t h e r .   P r e f e r a b l y   t h i s  



p r o c e s s   may  proceed  in  the  f r equency   domain,  as  f o l l o w s :   the  F o u r i e r  

t r a n s f o r m   of  each  t r a c e   is  f i r s t   c a l c u l a t e d   at  64.  At  65  c o r r e s p o n d i n g  

f requency   components  of  the  F o u r i e r - t r a n s f o r m e d   t r a c e s   are  m u l t i p l i e d  

t o g e t h e r   with  one  ano the r   to  y i e ld   the  convolved   t r a c e s .   As  i n d i c a t e d  

at  65,  i t   is  to  be  noted  t h a t   the  t r a c e s   are  s e l e c t e d   for  t h i s  

c o n v o l u t i o n   p roces s   on  the  b a s i s   of  t h e i r   end  p o i n t s ,   i r r e s p e c t i v e   o f  

whether   the  source   or  the  r e c e i v e r   is  at  the  p a r t i c u l a r   end  p o i n t ,   a s  

the  laws  of  wave  p r o p a g a t i o n   do  not  vary  with  r e s p e c t   to  d i r e c t i o n   o f  

t r a v e l   of  the  wave.  This  is  r e f e r r e d   to  as  the  R e c i p r o c i t y   P r i n c i p l e  
and  r e s u l t s   in  an  e f f e c t i v e   doub l ing   of  the  u t i l i t y   of  each  of  t h e  

t r a c e s   r e c o r d e d   in  the  e x p l o r a t i o n . p r o c e s s .   The  s y n t h e t i c   t r a c e s   may 
then  be  s t a c k e d   at  65A.  The  m u l t i p l i e d   and  s t a cked   t r a c e s   then  a r e  

o p e r a t e d   on  a c c o r d i n g   to  the  i n v e r s e   F o u r i e r   t r a n s f o r m   at  66  to  y i e l d  

the  t r a c e   having  the  minimum  t r a v e l   t ime.   A l t e r n a t i v e l y ,   the  c o n v o l v e d  

t r a c e s   could  be  s t a cked   as  at  68  a f t e r   d i r e c t   e v a l u a t i o n   of  t h e  

c o n v o l u t i o n   f u n c t i o n ,   but  the  p roce s s   d e s c r i b e d   above  i s  

c o m p u t a t i o n a l l y   more  e f f i c i e n t .   S i m i l a r l y ,   the  i n v e r s e   t r a n s f o r m   s t e p  

could  p recede   s t a c k i n g   in  the  f r e q u e n c y - d o m a i n   v e r s i o n   of  t h e  p r o c e s s ,  
but  aga in ,   the  sequence  shown  is  c o m p u t a t i o n a l l y   more  e f f i c i e n t .   I t  

should   be  noted  here  t h a t   the  s t a c k e d  t r a c e   is  e f f e c t i v e l y   t h e  

s y n t h e t i c   m u l t i p l e   t r a c e   with  the  minimum  t r a v e l   t ime.   In  t h i s   way, 
po in t   C,  for  example,   need  never  be  e x p l i c i t l y   i d e n t i f i e d .   The 

o p e r a t i o n   can  be  r e p e r f o r m e d ,   as  i n d i c a t e d   at  72,  with  r e s p e c t   t o  

h ighe r   o r d e r  m u l t i p l e s ,   i . e . ,   o n e s  u n d e r g o i n g  s e v e r a l  r e f l e c t i o n s   f rom 

the  s u r f a c e   of  the  water   p r i o r   to  r e c e i p t   at  the  d e t e c t o r .   In  o rder   t o  

do  so,  the  3,  4  or  h igher   numbers  of  t r a c e s   having  end  p o i n t s   in  common 

and  equal   to  S  and  R  are  convolved  as  above.  At  74  the  s t a c k e d  

s y n t h e t i c   m u l t i p l e   t r a c e   is  s c a l e d   so  t h a t   i t s   amp l i t ude   c o r r e s p o n d s  

with  the  amp l i t ude   of  the  t r a c e   under  a n a l y s i s .   C o r r e l a t i o n   i s  

per formed  at  76  to  l o c a t e   the  m u l t i p l e   t r a c e   with  r e s p e c t   to  t h e  

o v e r a l l   t r a c e   being  ana lyzed ,   i . e . ,   to  " l i n e   up"  the  c o r r e s p o n d i n g  

p o i n t s   on  the  s y n t h e t i c   m u l t i p l e   t r a c e   and  the  r e a l   t r a c e   of  i n t e r e s t .  

The  s y n t h e t i c   m u l t i p l e   t r a c e   can  then  be  s u b t r a c t e d   from  the  r e a l  

t r a c e .  



The  s c a l i n g ,   c o r r e l a t i o n   and  s u b t r a c t i o n   p r o c e s s e s   may 

compr ise   des ign   of  l e a s t - s q u a r e s   f i l t e r s ,   at  78,  and  a p p l i c a t i o n   o f  

these   f i l t e r s   to  the  s y n t h e t i c   m u l t i p l e   g e n e r a t e d   as  at  80.  F i l t e r s  

f l ,   f2  and  f3  minimize  the  f o l l o w i n g   de f ined   q u a n t i t y :  

where  R  =  the  t r a c e   under  a n a l y s i s  

Xr  =  r e c e i v e r   l o c a t i o n  

Xs  =  shot   l o c a t i o n  

M1,  M2,  M3  =  f i r s t ,   second,   t h i r d . . .  -   order   s y n t h e t i c  

m u l t i p l e s  
*  =  c o n v o l u t i o n   o p e r a t o r  

A p p l i c a t i o n   of  f i l t e r s   then  p roceeds   a c c o r d i n g   to  Equa t ion   5 :  

where  P  =  the  m u l t i p l e - f r e e   t r a c e .  

C o n v e n t i o n a l   s e i s m i c   da ta   p r o c e s s i n g   can  then  be  resumed  using  P,  t h e  

m u l t i p l e - f r e e   s e i s m i c   t r a c e .  

I t   w i l l   be  a p p r e c i a t e d   t h a t   t h e r e   has  been  d e s c r i b e d   a  method 

for  removal  of  s u r f a c e   m u l t i p l e s   from  s e i smic   r e c o r d s   which  u t i l i z e s  

the  same  da ta   as  had  p r e v i o u s l y   been  r e co rded   for  s e i smic   e x p l o r a t i o n  

so  t h a t   no  complex i ty   is   i n t r o d u c e d   in to   f i e l d   o p e r a t i o n s   by 

i m p l e m e n t a t i o n   of  the  p r e s e n t   method.  Moreover,  i t   wi l l   be  a p p r e c i a t e d  

t h a t  t h e   p r e s e n t   m e t h o d  a l l o w s  m u l t i p l e  r e m o v a l  w i t h o u t   knowledge  o f  

the  ocean  bottom  s t r u c t u r e   or  of  the  s t r u c t u r e   of  the  e a r t h   beneath   t h e  

ocean  f l o o r ,   s ince   r e a l   t r a c e s   are  used  to  s i m u l a t e   the  m u l t i p l e  

p o r t i o n   of  a  t r a c e   under  a n a l y s i s .   In  t h i s   way,  the  ocean  bottom  and  

sea  bed  s t r u c t u r e   is  i m p l i c i t l y   used  to  g e n e r a t e   the  s y n t h e t i c   m u l t i p l e  

so  t h a t   the  s t r u c t u r a l   i n f o r m a t i o n   need  never  be  e x p l i c i t l y   s e p a r a t e d  

from  the  s e i s m i c   r e c o r d .   M o r e o v e r ,  u s e   of  Huygens'  P r i n c i p l e   as  t h e  

means  of  s e l e c t i n g   the  c o r r e c t   s y n t h e t i c   m u l t i p l e   from  the  myriads  o f  

p o s s i b l e   m u l t i p l e s   c o n t a i n e d   in  the  data  r ecord   p rov ides   a  h i g h l y  

r e l i a b l e   means  of  s e l e c t i o n   of  the  a p p r o p r i a t e   m u l t i p l e .  



With  r e s p e c t   to  a  mode  of  p r a c t i c e   of  the  i n v e n t i o n ,   t h o s e  

s k i l l e d   in  the  a r t   w i l l   r e c o g n i z e   t h a t   the  method  d e s c r i b e d   above  and  

i l l u s t r a t e d   by  F igure   5  e n v i s i o n s   a  l a r g e   amount  of  data   p r o c e s s i n g  

o p e r a t i o n s   for  every  r ecord   a n a l y z e d .   I t   is  e n v i s i o n e d   t h a t   a l l  

r e c o r d s   of  a  given  e x p l o r a t i o n   would  be  so  ana lyzed   and  a c c o r d i n g l y ,   i t  

would  be  d e s i r a b l e   to  ca r ry   out  the  data   p r o c e s s i n g   o p e r a t i o n s   a s  

e f f i c i e n t l y   as  p o s s i b l e .   I t   w i l l   a l so   be  a p p r e c i a t e d   by  those   s k i l l e d  

in  the  a r t   t h a t   the  same  r e c o r d s   w i l l   be  used  over  and  over  again  i n  

a n a l y s i s   of  v a r i o u s   t r a c e s   so  as  to  remove  m u l t i p l e s .   A c c o r d i n g l y ,   i t  

may  well   be  t h a t   the  most  e f f i c i e n t   mode  of  p r a c t i c e   w i l l   be  t o  

g e n e r a t e   the  F o u r i e r   t r a n s f o r m   r e p r e s e n t a t i o n s   of  each  s e i smic   r e c o r d ,  
s t o r e   the  t r a n s f o r m e d   r e c o r d s ,   and  to  s e l e c t   a p p r o p r i a t e   ones  f o r  

p r o c e s s i n g   as  they  become  members  of  p o s s i b l e   p a i r s   of  t r a c e s   making  up 

a  s y n t h e t i c   m u l t i p l e   c o r r e s p o n d i n g   to  a  p a r t i c u l a r   t r a c e   u n d e r  

a n a l y s i s .   I t   w i l l   a lso   be  a p p r e c i a t e d   by  those   s k i l l e d   in  the  a r t   t h a t  

the  p r e s e n t   method  is  amenable  to  data   p r o c e s s i n g   of  the  type  r e f e r r e d  

to  as  " p a r a l l e l   p r o c e s s i n g "   for  which  c e r t a i n   high  speed  c o m p u t e r s  

are  s p e c i f i c a l l y   des igned .   A c c o r d i n g l y ,   the  bes t   mode  of  p r a c t i c e   i s  

on  such  a  high  speed  p a r a l l e l   p r o c e s s i n g   d i g i t a l   computer ,   such  a s  

those   made  by  the  Cray  Research  C o r p o r a t i o n ,   or  those   sold   under  t h e  

"Cyber"  t radename  by  Con t ro l   Data  C o r p o r a t i o n .  



1.  A  method  for  removing  no i se   from  a  s e i smic   t r a c e   u n d e r  

a n a l y s i s   by  removing  s u r f a c e   m u l t i p l e   r e f l e c t i o n   even ts   from  sa id   t r a c e  

under  a n a l y s i s   compr i s ing   the  s t eps   o f :  

g e n e r a t i n g   s y n t h e t i c   s u r f a c e   m u l t i p l e   t r a c e s   by 

combining  p a i r s   of  r e a l   t r a c e s   s e l e c t e d   to  have  an  end  p o i n t  

in  common  with  one  ano the r   and  to  have  t h e i r   o the r   end  p o i n t s  

in  common  with  the  t r a c e   under  a n a l y s i s ;  

i d e n t i f y i n g   from  these   s y n t h e t i c   t r a c e s   the  s y n -  
t h e t i c   t r a c e   whose  t o t a l   t r a v e l   time  between  the  end  p o i n t s  

of  the  t r a c e   under  a n a l y s i s   is  minimum;  and  

s u b t r a c t i n g   the  i d e n t i f i e d   s y n t h e t i c   t r a c e   from  the  t r a c e  

under  a n a l y s i s .  

2.  The  method  of  c la im  1  wherein  i d e n t i f i c a t i o n   of  t h e  

s y n t h e t i c   t r a c e   having  the  minimum  t r a v e l   time  is  performed  by  s t a c k i n g  

the  s y n t h e t i c   s u r f a c e   m u l t i p l e   t r a c e s   g e n e r a t e d .  

3.  The  method  of  c la im  1  wherein  sa id   combining  is  p e r f o r m e d  

by  c o n v o l u t i o n   of  p a i r s   of  t r a c e s .  

4.  The  method  of  c la im  1  wherein   sa id   s u b t r a c t i o n   s t e p  

compr i ses   a p p l i c a t i o n   of  a  l e a s t - s q u a r e s   f i l t e r   to  the  i d e n t i f i e d  

s y n t h e t i c   t r a c e   and  the  r e a l   t r a c e .  

5.  A  method  of  removing  m u l t i p l e   r e f l e c t i o n   events   from  a  

s e i smic   t r a c e   under  a n a l y s i s   compr i s ing   the  s t eps   o f :  

g e n e r a t i n g   s y n t h e t i c   r e c o r d s   of  m u l t i p l e   r e f l e c t i o n  

even t s   by  summing  p a i r s   of  r e a l   t r a c e s ,   each  of  sa id   p a i r s   having  end  

p o i n t s   in  common  with  one  ano the r   and  with  sa id   t r a c e   under  a n a l y s i s ,  

s a id   summing  s tep  i n c l u d i n g   the  s tep  of  convo lv ing   sa id   pa i r ed   t r a c e s  

with  one  ano the r   to  g e n e r a t e   s y n t h e t i c   t r a c e s   of  m u l t i p l e   r e f l e c t i o n  

e v e n t s ;  



s e l e c t i n g   from  the  s y n t h e t i c   r e c o r d s   the  s y n t h e t i c   t r a c e s  

which  has  the  minimum  t o t a l   t r a v e l   time  between  the  end  p o i n t s   of  t h e  

t r a c e   under  a n a l y s i s ;  

c o r r e l a t i n g   sa id   t r a c e   having  the  minimum  t r a v e l  

time  between  the  end  p o i n t s   of  the  t r a c e   under  a n a l y s i s   w i t h  

the  t r a c e   under  a n a l y s i s ;   and  

s u b t r a c t i n g   i t   t h e r e f r o m ,   to  y i e l d   a  t r a c e   having  had  i t s  

m u l t i p l e   r e f l e c t i o n   even t s   r emoved .  

6.  A  method  of  removing  m u l t i p l e   r e f l e c t i o n   even ts   from  a  

s e i s m i c   t r a c e   to  be  ana lyzed   having  end  p o i n t s   at  S  and  R  along  an  

e x p l o r a t i o n   l i n e   compr i s ing   the  s t eps   o f :  

s e l e c t i n g   p a i r s   of  r e a l   t r a c e s ,   one  of  each  of  sa id   p a i r s  

having  an  end  po in t   at  S  and  the  o the r   of  each  of  sa id   p a i r s   having  an  

end  po in t   at  R,  sa id   p a i r e d   t r a c e s   having  t h e i r   o the r   end  p o i n t s   at  a  

common  s u r f a c e   po in t   along  sa id   e x p l o r a t i o n   l i n e ;  

convo lv ing   t o g e t h e r   sa id   s e l e c t e d   p a i r s   to  g e n e r a t e   s y n t h e t i c  

m u l t i p l e   t r a c e s ;  

from  t h e s e ,   i d e n t i f y i n g   the  s y n t h e t i c   m u l t i p l e   t r a c e  

having  the  s h o r t e s t   t o t a l   t r a v e l   time  between  sa id   p o i n t s   S  and  R;  and 

s u b t r a c t i n g   sa id   s e l e c t e d   s y n t h e t i c   m u l t i p l e   t r a c e   h a v i n g  

the  s h o r t e s t   t o t a l   t r a v e l   time  from  sa id   t r a c e   to  be  ana lyzed   to  remove 

sa id   m u l t i p l e   r e f l e c t i o n   even ts   from  sa id   t r a c e   to  be  a n a y l z e d .  

7.  A  method  of  removing  m u l t i p l e   r e f l e c t i o n   even ts   from  a  

s e i s i c   t r a c e   under  a n a l y s i s   compr i s ing   the  s t eps   o f :  

g e n e r a t i n g   F o u r i e r   t r a n s f o r m   r e p r e s e n t a t i o n s   of  r e a l  

t r a c e s   r eco rded   with  r e s p e c t   to  wave  sou rces   and  r e c e i v e r s  

along  the  l i n e   of  e x p l o r a t i o n   of  sa id   t r a c e   to  be  a n a l y z e d ;  

s e l e c t i n g   p a i r s   of  sa id   F o u r i e r - t r a n s f o r m e d   t r a c e s ,   b o t h  

of  each  pa i r   of  t r a c e s   having  an  end  in  common  with  sa id   t r a c e   u n d e r  

a n a l y s i s   and  having  t h e i r   o the r   end  p o i n t s   in  common  with  one  a n o t h e r ;  

m u l t i p l y i n g   t o g e t h e r   common  f requency   components  of  s a i d  

s e l e c t e d   F o u r i e r - t r a n s f o r m e d   t r a c e s   having  end  p o i n t s  

in  common  with  sa id   t r a c e   under  a n a l y s i s ;  



app ly ing   the  i n v e r s e   F o u r i e r   t r a n s f o r m   to  the  m u l t i p l i e d  

components  to  g e n e r a t e   s y n t h e t i c   m u l t i p l e   t r a c e s ;  

i d e n t i f y i n g   a  s y n t h e t i c   m u l t i p l e   t r a c e   having  t h e  

minimum  net  t r a v e l   t ime  between  the  end  p o i n t s   of  the  t r a c e  

under  a n a l y s i s   as  e q u i v a l e n t   to  the  m u l t i p l e   r e f l e c t i o n   e v e n t s  

in  the  t r a c e   under  a n a l y s i s ;   a n d  

s u b t r a c t i n g   the  s y n t h e t i c   t r a c e   thus  i d e n t i f i e d   from  t h e  

t r a c e   under  a n a l y s i s .  

8.  A  method  of  removing  r e c o r d s   of  m u l t i p l e   r e f l e c t i o n   e v e n t s  

from  s e i s m i c   t r a c e s   r e p r e s e n t i n g   waves  of  s e i smic   energy  t r a v e l l i n g  

along  pa ths   having  end  p o i n t s   along  an  e x p l o r a t i o n   l i n e ,   compr i s ing   t h e  

s t e p s   o f :  

r e c o r d i n g   t r a c e s   with  r e s p e c t   to  l o c a t i o n s   of  sou rces   and  

d e t e c t o r s   of  s e i smic   energy  along  sa id   l i n e ;  

c a l c u l a t i n g   F o u r i e r - t r a n s f o r m e d   v e r s i o n s   of  sa id   t r a c e s ;  

s e l e c t i n g   a  t r a c e   to  be  a n a l y z e d ;  

s e l e c t i n g   p a i r s   of  t r a n s f o r m e d   v e r s i o n s   of  t r a c e s ,  

the  ones  of  sa id   p a i r s   of  t r a c e s   each  having  one  end  p o i n t  

in  common  and  t h e i r   o the r   end  p o i n t s   the  same  as  the  t r a c e  

to  be  a n a l y z e d ;  

m u l t i p l y i n g   t o g e t h e r   c o r r e s p o n d i n g   f requency   componen t s  

of  ones  of  sa id   p a i r s ;  

s t a c k i n g   the  r e s u l t s   of  sa id   m u l t i p l y i n g   s tep  t o  

g e n e r a t e   a  s y n t h e t i c   m u l t i p l e   t r a c e ;  

t ak ing   the  i n v e r s e   F o u r i e r   t r a n s f o r m   of  the  s y n t h e t i c  

m u l t i p l e   t r a c e ;   and  

s u b t r a c t i n g   the  i n v e r s e l y - t r a n s f o r m e d   s y n t h e t i c   m u l t i p l e  

t r a c e   from  the  t r a c e   to  be  a n a l y z e d .  
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